Hadronic molecular states from the $K\bar{K}^*$ interaction by Lü, Pei-Liang & He, Jun
ar
X
iv
:1
60
3.
04
16
8v
3 
 [h
ep
-p
h]
  1
0 D
ec
 20
16
EPJ manuscript No.
(will be inserted by the editor)
Hadronic molecular states from the K ¯K∗ interaction
Pei-Liang Lu¨ and Jun Hea
1 Theoretical Physics Division, Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
2 Research Center for Hadron and CSR Physics, Institute of Modern Physics of CAS and Lanzhou University, Lanzhou 730000, China
Received: date / Revised version: date
Abstract. In this work, the K ¯K∗ interaction is studied in a quasipotential Bethe-Salpeter equation approach combined
with the one-boson-exchange model. With the help of the hidden-gauge Lagrangian, the exchanges of pseudoscalar
mesons (π and η) and vector mesons (ρ, ω and φ) are considered to describe the K ¯K∗ interaction. Besides the direct
vector-meson exchange which can be related to the Weinberg-Tomozawa term, pseudoscalar-meson exchanges also
play important roles in the mechanism of the K ¯K∗ interaction. The poles of scattering amplitude are searched to find
the molecular states produced from the K ¯K∗ interaction. In the case of quantum number IG(JPC) = 0+(1++), a pole is
found with a reasonable cutoff, which can be related to the f1(1285) in experiment. Another bound state with 0−(1+−)
is also produced from the K ¯K∗ interaction, which can be related to the h1(1380). In the isovector sector, the interaction
is much weaker and a bound state with 1+(1+) relevant to the b1(1235) is produced but at a larger cutoff. Our results
suggest that in the hadronic molecular state picture the f1(1285) and b1(1235) are the strange partners of the X(3872)
and Zc(3900), respectively.
PACS. 14.40.Rt Exotic mesons – 14.40.Be Light mesons (S=C=B=0) – 13.75.Lb Meson-meson interactions
1 Introduction
After the observation of the exotic resonance structure X(3872)
near the D ¯D∗ threshold, more and more XYZ particles, which
cannot be interpreted in the traditional quark model, are ob-
served near the thresholds of two heavy mesons. This suggests
that there maybe exist a close relation between the XYZ
particles and charmed (bottomed) meson and anticharmed
(antibottomed) meson interactions, which has attracted much
attention. For example, in the charmed sector, besides the
X(3872), the charged exotic states Zc(3900) and Zb(10610) are
often interpreted as the D ¯D∗ and the B ¯B∗ molecular states,
respectively [1,2,3,4]. It is interesting to see whether it can
be extended to the strange sector, i e., whether there exist the
strange partners of the XYZ particles from the K ¯K∗ interaction.
There already exist some proposals of the molecular state
in the strange sector. Some observed mesons, such as the
f1(1285), were suggested to be from the K ¯K∗ interaction.
The f1(1285) is an axial-vector state with quantum number
IG(JPC) = 0+(1++), mass m = 1281.9 ± 0.5 MeV, and width
Γ = 24.2 ± 1.1 MeV [5]. In recent years, however, it has been
suggested to be a dynamically generated state produced from
the K ¯K∗ interaction [6,7]. Such a picture has been extensively
tested in the past decade [8,9]. For example, in Refs. [9,10],
the K ¯K∗ interaction was studied in the f1(1285) channel in a
chiral unitary approach. The results showed that the f1(1285)
appears as a bound state in the dynamical picture.
To study the nature of the f1(1280) and other states near
K ¯K∗ threshold, we should construct the K ¯K∗ interaction and
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search the molecular state from such interaction. In the chiral
unitary approach a chiral invariant hidden-gauge Lagrangian is
often adopted and a Weinberg-Tomozawa (WT) term is derived
to describe the interaction [6,11,9,10], which is identical
to vector-meson exchange with some approximations [12].
However, in the study of the XYZ particles the original one-
boson exchange (OBE) model is widely adopted to study the
molecular state [13]. In the OBE model, the pion exchange is
often more important than the vector-meson exchange due to
small mass of pion meson. Hence, it is interesting to study the
K ¯K∗ interaction in the OBE model and compare it with the
results obtained only with the WT term.
In Ref. [4], the molecular state from the D ¯D∗ interaction,
which is related to the Zc(3900) observed at BESIII, was
studied in the OBE model and the relevant invariant mass
spectrum from BESIII was also well reproduced. Both light-
meson exchanges and J/ψ exchange were included in Ref. [4].
The larger mass of the J/ψ meson ensures that the J/ψ ex-
change potential can be reduced to a contact term by dropping
out the exchange-momentum term q2 in the dominator of the
propagator [4,11]. It was found that though the J/ψ meson
exchange is more important as suggested in the chiral unitary
approach the light-meson exchanges also provide considerable
contribution. In the strange sector, the WT term are often
regarded to be deduced from the vector-meson exchange [12].
However, the mass of exchanged vector mesons in the strange
sector, i.e. ρ, ω or φ meson, is much lighter than the J/ψ
meson, and even comparable to the mass of the pseudoscalar η
meson. One may wonder whether the contribution from vector-
meson exchange in the strange sector is numerically close to
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the contribution from the WT term as in the charmed sector.
on the other hand, it is interesting to study the role of the
pseudoscalar-meson exchange in the K ¯K∗ interaction.
In this work, we will make an explicit study of the K ¯K∗
interaction in the OBE model including the pseudoscalar-
meson exchange and the vector-meson exchange, and compare
the results with those obtained from the WT term. It will be per-
formed in a quasipotential Bethe-Salpeter equation approach,
which is covariant and unitary, and has been proposed and
developed to deal with the hadron-hadron interaction and the
relevant hadronic molecular states, such as the Y(4274), the
Σc(3250), and the N(1875) and the LHCb pentaquarks [4,14,
15,16,17,18].
This work is organized as follows. In the next section, the
hidden-gauge Lagrangians are presented and adopted to derive
the potential of the K ¯K∗ interaction. In Sec 3, the scattering
amplitude is obtained through solving the quasipotential Bethe-
Salpeter equation with the potential obtained in section 2, and
the molecular states from the K ¯K∗ interaction are explored
by searching poles from the scattering amplitude. Besides, a
discussion about the form factor for the exchanged meson is
also given in this section. In the last section, a brief summary
is given.
2 Lagrangian and K ¯K∗ interaction
In this work, we adopt the hidden-gauge Lagragians as in the
chiral unitary approach [6,11,9,10]. Such formalism was well
discussed and its relation to other types of effective theories
was reviewed in Ref. [12]. The Lagrangians for the three-
meson vertices are of forms [19,20,21],
LPPV = −ig 〈Vµ[P, ∂µP]〉, (1)
LVVP = G√
2
ǫµναβ〈∂µVν∂αVβP〉, (2)
LVVV = ig 〈(Vµ∂νVµ − ∂νVµVµ)Vν〉, (3)
where G = 3g
2
4π2 fπ , and the coupling constant g = MV/2 fπ with
a MV ≃ 800 MeV and fπ = 93 MeV [12,22]. With SU(3)
symmetry, we have the octet pseudoscalar and octet vector
P =

π0√
2
+
η√
3 +
η′√
6
π+ K+
π− − π0√
2
+
η√
3
+
η′√
6
K0
K− ¯K0 − η√3 +
√
2
3η
′

, (4)
V =

ρ0√
2
+ ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+ ω√
2
K∗0
K∗− ¯K∗0 φ
 . (5)
Analogously to the D ¯D∗ system, the K ¯K∗ systems under
SU(3) symmetry, which are marked as |IIz〉 with I and Iz
being the isospin and the z-component of the isospin, have
corresponding flavor wave functions [1,2]
|1, 1〉 = 1√
2
(
|K∗+ ¯K0〉 + c|K+ ¯K∗0〉
)
,
|1,−1〉 = − 1√
2
(
|K∗0K−〉 + c|K0K∗−〉
)
,
|1, 0〉 = −1
2
[ (
|K∗+K−〉 − |K∗0 ¯K0〉
)
+ c
(
|K+K∗−〉 − |K0 ¯K∗0〉
) ]
,
|0, 0〉 = −12
[ (
|K∗+K−〉 + |K∗0 ¯K0〉
)
+ c
(
|K+K∗−〉 + |K0 ¯K∗0〉
) ]
,
(6)
where c = ± corresponds to C-parity C = ∓ respectively. Here
we use the definition K(∗)− = −|1/2 − 1/2〉.
With the above Lagrangians and wave functions, the po-
tential for a certain state from the one-boson exchange can
be obtained analogously to the D ¯D∗ interaction [1,2,4]. There
are two types of diagram, the direct diagram and the cross
diagram as shown in Table 1. We would like to note that the
cross diagram is not obtained from the u-channel contribution
directly, but a deformation of the t channel under SU(3)
symmetry as discussed in Ref. [24]. With such categorization,
the potential from the one-boson exchange is written as
VOBE(k′1k′2, k1k2)
=
∑
i
Idi Vdi (k′1k′2, k1k2) +
∑
i
Ici Vci (k′1k′2, k1k2), (7)
where the momenta k(1,2) and k′(1,2) are for the initial and
final K∗(K), respectively. The subscript i is for the different
exchanged meson, including pseudoscalar mesons P = π and
η, and vector mesons V = ρ, ω, and φ. The flavor factors Idi
and Ici for direct and cross diagrams are calculated from the
Lagrangians in Eqs. (1-3) and wave functions in Eq. (6), and
presented in Table 1.
Table 1. The flavor factors Iid and Iic for direct and cross diagrams with
different exchanged mesons. .
Direct Cross
Exchanged V P V
meson ρ ω φ π η η′ ρ ω φ
I = 1 − 12 12 1 − 12 c 43 c 16 c − 12 c 12 c c
I = 0 32
1
2 1
3
2 c
4
3 c
1
6 c
3
2 c
1
2 c c
With the above preparation, the explicit forms of the V(d,c)i
in Eq. (7) read,
VdV = −g2
[
(k′1 + k1) · ǫ2 (q − k2) · ǫ′2 − (k′1 + k1) · ǫ′2
· (q + k′2) · ǫ2 + (k′1 + k1) · (k′2 + k2) ǫ′2 · ǫ2
] 1
(q2 − m2V )
,
VcP = −g2 ǫ′2 · (k1 + q) (q + k′1) · ǫ2
1
(q2 − m2P)
,
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VcV =
G2
2
[
q2 k′2 · k2 ǫ′2 · ǫ2 + k′2 · q ǫ′2 · k2 q · ǫ2
+ q · k2 k′2 · ǫ2 ǫ′2 · q − q · ǫ2 k′2 · k2 ǫ′2 · q
− q · k2 k′2 · q ǫ′2 · ǫ2 − k′2 · ǫ2 ǫ′2 · k2 q2
] 1
(q2 − mV2 )
, (8)
where mP and mV are the masses of exchanged pseudoscalar
and vector mesons, respectively. The momenta for exchanged
meson are defined as q = k′2 − k2 and q = k′1 − k2 for direct and
cross diagrams, respectively.
As discussed in the literature [11,12,25], by dropping out
the q2 in the propagator, the vector-meson exchange is almost
the same as the WT term, which is widely used in the chiral
unitary approach. The explicit form of the WT term can be
derived from the hidden-gauge Lagrangians for the four-meson
vertex [19,20,21],
LVVPP = − 14 f 2 〈[V
µ, ∂νVµ][P, ∂νP]〉, (9)
which gives a potential as
VWT = −IWT 14 f 2 ǫ2 · ǫ
′
2(k1 + k′1) · (k2 + k′2), (10)
where flavor factors are IWT = −1 and −3 for I = 1 and 0, re-
spectively [6]. It is obviously identical to the potential from the
direct t-channel vector-meson exchange by dropping out the
q2 and neglecting the three-momenta of external vectors[25].
Besides, it is interesting to see that with such approximations
other potentials from direct pseudoscalar-meson exchange and
cross vector-meson exchange vanish also. In this work, we
will make a calculation with the original potential to check the
effects of these approximations on the numerical results.
3 Numerical result
In the current work a Bethe-Salpeter approach with a spectator
quasipotential approximation will be adopted to search the
molecular state from the K ¯K∗ interaction. In the spectator
quasipotential approximation [26,27], one of the two particles
is put onshell. The method was explained explicitly in the
appendixes of Ref. [4]. The molecular state produced from
the K ¯K∗ interaction corresponds to the pole of the scattering
amplitude M. The quasipotential Bethe-Salpeter equation for
the partial-wave amplitude with fixed spin-parity JP reads [4,
28],
MJPλ′λ(p′, p) = VJ
P
λ′,λ(p′, p) +
∑
λ′′
∫
p′′2dp′′
(2π)3
· VJPλ′λ′′ (p′, p′′)G0(p′′)MJ
P
λ′′λ(p′′, p), (11)
where the sum extends only over nonnegative helicity λ′′, and
the partial wave potential with the fixed spin-parity JP can
be calculated from the potential kernel Vλ′λ obtained in the
previous section as
VJPλ′λ(p′, p) = 2π
∫
d cos θ [dJλλ′(θ)Vλ′λ(p′, p)
+ ηdJ−λλ′(θ)Vλ′−λ(p′, p)], (12)
where we choose the initial and final relative momenta as p =
(0, 0, p) and p′ = (p′ sin θ, 0, p′ cos θ) with a definition p(′) =
|p(′)|, and the dJ
λλ′(θ) is the Wigner d-matrix.
In this work we will adopt an exponential regularization by
introducing a form factor in the propagator as
G0(p) → G0(p)
[
e−(k
2
1−m21)2/Λ4
]2
, (13)
with k1 and m1 being the momentum and mass of the charmed
meson. The interested reader is referred to Ref. [4] for further
information about the regularization. It is easy to see that no
singularity will appear in the direct diagram. In the propagator
of the meson exchange for the cross diagram a replacement
q2 → −|q2| needs to be made to remove the spurious singularity
from the alternation of two final particles as done in Refs. [26,
27]. In the OBE model, a form factor is usually introduced
to compensate the off-shell effect of the exchanged meson as
f (q2) = Λ2OBE/(Λ2OBE − q2) with ΛOBE being the cutoff. We will
make an explicit discussion about this form factor later.
The integral equation will be solved by transforming the
integral equation through discretizing the momenta p, p′ and
p′′ with the Gauss quadrature. In the current work, the coupling
constants in the Lagrangians in Eqs. (1-9) are determined, so
the free parameters are two cutoffs introduced in the form
factors. The cutoff Λ for the exponential regularization is taken
as a free parameter, and we expect it not far from 1 GeV, here in
a range from 0.6 to 5 GeV. The cutoff for the exchanged meson
ΛOBE is varied in a range from about 0.8 to infinity GeV. We
will investigate all quantum numbers with J = 0 and 1.
Before giving the results for all quantum numbers, we
present the results for the case of quantum number IG(JPC) =
0−(1++) with the variation of two cutoffs Λ and ΛOBE in Fig. 1,
which will be helpful to understand the form factor for the
exchanged meson.
In the full model a bound state can be found at a regu-
larization cutoff Λ of about 1 GeV, and the binding energy
becomes larger with the increase of the cutoffΛ. It is interesting
to observe from Fig. 1 that the result is not very sensitive to
the cutoff ΛOBE for the exchanged meson. Such insensitivity
can also be found in the results with only pseudoscalar-
meson exchanges. Differently from the pseudoscalar-meson
exchanges, the direct vector-meson exchanges give results
which change rapidly with the variation of the ΛOBE especially
at small cutoffs. Such different behaviours can be related to
different masses of the exchanged mesons. The pseudoscalar π
and η mesons have masses much smaller than the cutoff ΛOBE
which is usually chosen larger than 0.8 GeV. The potential
at higher momentum transfer q2 has been suppressed by the
propagator of the exchanged pseudoscalar meson 1/(q2 − m2P),
which makes the suppression of the form factor Λ2OBE/(Λ2OBE −
q2) with a cutoff ΛOBE ≈ 1 GeV not so effective. On the
other hand, the mass of the vector meson is about 1 GeV,
which is close to the conventional value of the ΛOBE . Hence,
the introduction of a form factor with a cutoff about 1 GeV
will severely suppress the contribution from the vector-meson
exchanges while the pseudoscalar π and η meson exchanges are
immune from such suppression due to their small masses. Such
conclusion can be confirmed by the insensitivity at extreme
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Fig. 1. The pole position of the scattering amplitude for quantum
number IG(JPC) = 0−(1++) with the variation of two cutoffs Λ and
ΛOBE. The color pattern is for system energy W of the pole in units
of GeV. The upper, middle, and lower patterns are for the results of
the full model, of the potential VcP from cross pseudoscalar-meson
exchanges, and of the potential VdV from the direct vector-meson
exchanges, respectively.
larger cutoff 1/ΛOBE → 0 GeV−1 in all cases where the masses
of all exchanged meson are very small compared with the
cutoff.
The above analysis of results suggest that in the OBE model
the vector-meson exchanges will be severely suppressed due to
the introduction of the form factor with a cutoff about 1 GeV
besides the suppression of the propagator itself. It will lead
to a conflict with other approaches with the WT term instead
of the vector-meson exchange. In those approaches, the WT
term is dominant in the interaction mechanism [6,11,9,10].
Now that the suppression of the vector-meson exchanges in the
OBE model is from the additional form factor which is absent
in the WT term, the introduction of such form factor should
be reconsidered. In the OBE model, the form factor for the
exchanged meson is introduced to include the off-shellness of
the exchanged meson and make the integration convergence. In
our approach, the convergence is satisfied by the exponential
regularization, so we need not include a form factor for this
consideration. The offshellness of the exchanged meson means
that the coupling of the vector meson and the K∗ should have a
form factor varied with the momentum transfer q2. In fact such
form factor was discussed explicitly in the literature [29,30]. It
was found that the pion form factor can be reproduced without
additional form factor for the ρππ coupling. Instead, it is from
the propagator of the vector meson. In other words, when we
consider the propagator of the exchanged vector meson, the
offshellness has been included. From the above analysis, the
introduction of an additional form factor for the exchanged
meson in the K ¯K∗ is in fact spurious and inconsistent with
chiral dynamics.
If the form factor is removed, i. e., 1/ΛOBE → 0 GeV−1,
the direct vector-meson exchanges become important as shown
in Fig. 1. The contribution from the cross vector-meson ex-
changes is relatively small compared with other contributions,
so we do not give their explicit results in Fig. 1. This is because
the potential from the cross vector-meson exchange is at an
order of p/m. Though the potentials of pseudoscalar π and
η exchanges are also at the same order, the small π and η
masses compared with vector mesons will compensate such
suppression. Comparing the results in the full model and those
with cross pseudoscalar-meson exchanges and vector-meson
exchanges in Fig. 1, we can found that both of the latter two
contributions are important in the K ¯K∗ interaction.
As shown in Fig. 1, a bound state with a mass of about
1.285 GeV is produced from the K ¯K∗ interaction at cutoff of
about 1.1 GeV, which can be related to the experimentally ob-
served f1(1285). In Table 2, we list our results for all quantum
numbers with J = 0 and 1. The results for the pseudoscalar-
meson exchanges and direct vector-meson exchanges are also
presented in the same table to show their importance in the
K ¯K∗ interaction. We would like to remind that the potential
from the cross diagram cannot be transformed to a potential in
coordinate space of a form V(r) [24]. In this work, we do not
consider the coupled channels, such as the ρπ channel, which
were included and found important in other cases except the
f1(1285) [6].
The results with the WT term are listed in the last two
columns of Table 2. Because we do not consider other chan-
nels, the bound state with different G parities are degenerated.
Generally speaking, this results consistent with those obtained
in the chiral unitary approach with four poles produced from
the K ¯K∗ interaction [6]. However, in the isovector section,
the direct vector-meson exchange is obviously smaller than
the WT term. As said in the previous section, the WT term
is analytically identical to the direct t-channel vector-meson
exchange by dropping the q2 and within an approximation of
neglecting the three-momenta of external vectors. To find out
the origin of this difference, we give the results by dropping
the q2 in the propagator of the exchanged vector meson in the
eighth and ninth columns of Table 2. In the isoscalar sector,
the bound state appears at a cutoff Λ ∼ 0.8 GeV, which is
close to the result with the WT term. In the isovector sector,
the cutoff needed to produce a bound state decreased obviously
to about 2.5 GeV. Hence, though the WT term are consistent
with the direct vector-meson exchange qualitatively, dropping
out the q2 will exhibit its effect in some cases especially when
the interaction is weak.
Besides the state related to the f1(1285), another molecular
state can be produced with 0−(1+−), which can be related
to the h1(1380). Those two states were also produced in the
coupled-channel calculation in chiral unitary approach with
the WT terms [6]. In the isovector sector, a bound state with
1−(1+), which can be assigned as the b1(1235) as Ref. [6],
can be produced from the K ¯K∗ interaction but a lager cutoff is
needed. It is easily understood because the flavor factors for the
isovector sector are much smaller than those for the isoscalar
sector as shown in Table 1.
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Table 2. The pole position W at different cutoffs Λ. The second and
third columns are for the full model, the fourth and fifth columns
for the cross pseudoscalar-meson exchanges, the sixth and seventh
columns for the direct vector-meson exchanges, the eighth and ninth
columns for the direct vector-meson exchanges after taking q2 → 0,
and the last two columns for the WT term. The cutoff Λ and energy W
are in units of GeV.
Full VcP Vd Vd |q2→0 VWT
IG(JPC) Λ W Λ W Λ W Λ W Λ W
0+(1++) 0.6 1.389 1.0 1.387 1.0 1.383 0.8 1.380 0.7 1.381
0.8 1.369 1.1 1.377 1.1 1.376 0.9 1.366 0.8 1.365
1.0 1.326 1.2 1.359 1.2 1.368 1.0 1.343 0.9 1.336
1.2 1.247 1.4 1.293 1.4 1.343 1.1 1.311 1.0 1.301
0−(1+−) 0.8 1.385 1.2 1.386 1.0 1.383 0.8 1.380 0.7 1.381
1.0 1.354 1.3 1.375 1.1 1.376 0.9 1.366 0.8 1.365
1.1 1.318 1.4 1.337 1.2 1.368 1.0 1.343 0.9 1.336
1.2 1.258 1.5 1.207 1.4 1.343 1.1 1.311 1.0 1.301
1−(1+) − − − − 4.6 1.388 2.5 1.379 1.4 1.381
− − − − 4.7 1.383 2.6 1.359 1.5 1.358
− − − − 4.8 1.376 2.7 1.332 1.6 1.336
− − − − 4.9 1.366 2.8 1.302 1.7 1.310
1+(1+) 1.8 1.389 2.7 1.389 4.6 1.388 2.5 1.379 1.4 1.381
1.9 1.384 2.8 1.380 4.7 1.383 2.6 1.359 1.5 1.358
2.0 1.372 2.9 1.343 4.8 1.376 2.7 1.332 1.6 1.336
2.1 1.334 3.0 1.254 4.9 1.366 2.8 1.302 1.7 1.310
4 Summary
In this work, the K ¯K∗ interaction is studied in a quasipotential
Bethe-Salpeter equation approach combined with the OBE
model. With the help of the hidden-gauge Lagrangian, the
potentials are derived including the pseudoscalar-meson and
vector meson exchanges. The numerical results suggest that
the introduction of a form factor for the exchanged meson
will severely suppress the contribution from the direct vector-
meson exchange. The analysis suggested that the convergence
of the integration and the offshellness of the exchanged meson
are satisfied in our approach, so such form factor is spurious.
After removing the form factor, both the pseudoscalar-meson
exchanges and vector meson exchanges are important in the
KK∗ interaction.
With a model without the form factor for the exchange
meson, a bound state is found with a reasonable cutoff with
quantum number IG(JPC) = 0+(1++), which can be related to
the f (1285). Another molecular bound state with 0−(1+−) is
also produced from the K ¯K∗ interaction, which can be related
to the h1(1380). In the isovector sector, the interaction is much
weaker and a bound state with 1+(1+) relevant to the b1(1235) is
produced but at a larger cutoff. The three bound states produced
from the K ¯K∗ interaction in the current work can be well
related to the three bound states from the D ¯D∗ interaction in
Ref. [4], which suggests that the f1(1285) and b1(1235) are the
strange partners of the X(3872) and Zc(3900), respectively. The
partner of the h1(1380) was also predicted in Ref. [4], but still
not found in experiment.
This project is partially supported by the Major State Basic Research
Development Program in China (Grant No. 2014CB845405), the
National Natural Science Foundation of China (Grants No. 11275235
and No.11675228).
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